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SUMMARY
1.  The objective of this research was to use a simple model of soil C and N dynamics to predict 
nutrient thresholds to ecosystem recovery on degraded soils at Fort Benning, Georgia, in the 
southeastern USA.  The model calculates aboveground and belowground biomass, soil C inputs 
and dynamics, soil N stocks and availability, and plant N requirements.  A threshold is crossed 
when predicted soil N supplies fall short of predicted N required to sustain biomass accrual at a 
specified recovery rate.  
2.  Four factors were important to development of thresholds to recovery:  (1) initial amounts of 
aboveground biomass, (2) initial soil C stocks (i.e., soil quality), (3) relative recovery rates of 
biomass, and (4) soil sand content.  Thresholds to ecosystem recovery predicted by the model 
should not be interpreted independent of a specified recovery rate.  Initial soil C stocks 
influenced the predicted patterns of recovery by both old field and forest ecosystems.  
3.  Forests and old fields on soils with varying sand content had different predicted thresholds to 
recovery.  Soil C stocks at barren sites on Fort Benning generally lie below predicted thresholds 
to 100% recovery of desired future ecosystem conditions defined on the basis of aboveground 
biomass (18000 versus 360 g m-2 for forests and old fields, respectively).  
4.  Calculations with the model indicated that reestablishment of vegetation on barren sites to a 
level below the desired future condition is possible at recovery rates used in the model, but the 
time to 100% recovery of desired future conditions, without crossing a nutrient threshold, is 
prolonged by a reduced rate of forest growth.  
5.  Predicted thresholds to ecosystem recovery were less on soils with more than 70% sand 
content.  The lower thresholds for old field and forest recovery on more sandy soils are 
apparently due to higher relative rates of net soil N mineralization in more sandy soils.  
Calculations with the model indicate that a combination of desired future conditions, initial levels 
of soil quality (defined by soil C stocks), and the rate of biomass accumulation determines the 
predicted success of ecosystem recovery on disturbed soils.  
Keywords:  military land use, ecological thresholds, soil carbon, soil nitrogen, soil N availability, 
nutrient dynamics, old fields, forests 
xi
1.  INTRODUCTION
The concept of thresholds has been applied extensively in science, economics, and 
regulatory law.  Although “threshold” has been defined in various ways, it is generally regarded 
as the point that separates something true from something not true, or the point at which there is 
a discernible effect or change in behavior in response to a stimulus (Woolf, 1975).  In ecology, 
thresholds have been defined as system discontinuities, which Muradian (2001) recently defined 
as “sudden change in any property of an ecological system as a consequence of smooth and 
continuous change in an independent variable.”  Other researchers have also defined thresholds as 
a deflection of system response (or an ecological discontinuity) as a consequence of stress -- 
indicating a breakdown in mechanisms regulating ecosystem function (Romme et al., 1998).  
Statistical problems associated with the precise quantification of thresholds, have caused some to 
question the legitimacy of the threshold concept (Slob, 1999), particularly as it might be applied 
to complex systems, like ecosystems (Van Straalen, 1997).  
Many attributes related to the state of ecosystems or ecosystem processes can be 
described as continuous variables.  Recently, there has been an interest in building connections 
between continuous measures of soil quality (such as soil density or organic matter content) and 
ecosystem sustainability in both agriculture (Hussain et al., 1999; Lewandowski et al., 1999; 
Arshad and Martin, 2002) and forestry (Page-Dumroese et al., 2000; Schoenholtz et al., 2000).  
Studies that have utilized continuous variables to define ecological thresholds have met both 
success and failure.  For example, in pinon-juniper ecosystems, thresholds to soil erosion are 
related to the extent of ground cover, and erosion and may change dramatically once a threshold 
in ground cover is crossed (Davenport et al., 1998).  On the other hand, Hunter and White 
(1997), who examined a variety of continuous (and discontinuous) variables, failed to find 
thresholds that would distinguish when a forest officially becomes “old growth”.  They were 
also unable to discern thresholds to forest disturbance.  Although the terms can mean different 
things to different groups of people, “threshold” and “sustainability” seem to be irreversibly 
linked (Zinck and Farshad, 1995).  
Difficulties in identifying and quantifying thresholds using either continuous or 
discontinuous variables can be attributed to the complexities of natural systems, our limited 
predictive capabilities in ecology, and the large uncertainties that sometimes surround the 
quantification of ecosystem properties and processes (Muradian, 2001).  There are many 
unresolved issues surrounding the use of thresholds to predict when a system is sustainable and 
when it is not sustainable.  Page-Dumroese et al. (2000) concluded, based on a study of several 
indicators of soil quality (i.e., soil C, N, erosion, and cation exchange capacity) in northwestern 
forests, that generalized thresholds cannot be successfully applied over disparate soil types and 
that site-specific information is critical to a valid application of thresholds in forest 
sustainability.  In practical terms, the threshold concept requires an ability to ascertain whether 
the state of a system lies above or below a threshold, or within some acceptable limits that 
permit sustainability.  For example, thresholds for natural resource management can be defined as 
an upper limit to harvesting individuals and harvests that exceed the limit endanger the 
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sustainability of the population (Lande et al., 1997).  
The current research addresses thresholds to ecosystem recovery, which may involve 
either ecosystem restoration or rehabilitation.  Restoration returns an ecosystem to a state that is 
as similar as possible to its native condition.  Ultimately, complete restoration depends on 
thresholds for recruitment, growth, and mortality of different species as well as the roles that 
environmental factors play as constraints or as boundaries within which restoration can occur.  
Complex ecosystems, with multiple interacting species, may have a variety of thresholds.  In 
simple ecosystems, with few interacting species, thresholds to restoration may be more similar 
to those that define the success or failure of ecosystem rehabilitation (i.e., management toward a 
desired state not necessarily consistent with, and usually more simple than, the historical native 
condition).  However, ecosystem recovery on severely degraded soils is ultimately related to soil 
quality and, in particular, nutrient availability.  In such systems, seed banks or surrounding 
vegetation that would serve as a source for colonizing species would have little influence on 
recovery if critical limiting factors associated with soil quality precluded or inhibited plant 
growth.  
Disturbance of soil physical properties and/or soil structure are commonly reported 
effects associated with the use of heavy machinery in agriculture (Voorhees et al., 1986; 
Alakukku and Elonen, 1995), forestry (Hatchell et al., 1970), and military training (Iverson et al., 
1981; Prose, 1985; Braunack, 1986; Thurow et al., 1993; Milchunas et al., 1999).  At Fort 
Benning, Georgia, field training with tracked vehicles has resulted in an overall loss of soil quality 
at some training sites (Garten et al., 2003).  Barren, heavily disturbed soils at Fort Benning have 
negligible O-horizons, lower soil N availability, and lower soil C and N stocks than soils subject 
to minimal military use (Garten and Ashwood, 2004).  In some environments, it has been shown 
that the effects of soil disturbance by military vehicles can persist for decades (e.g., Iverson et 
al., 1981).  This leads to questions about what factors are at work that might prevent or slow 
ecosystem recovery following soil disturbance and whether thresholds exist between barren land 
and the reestablishment of perennial vegetation.  The revegetation of barren soils represents an 
extreme case of ecosystem recovery.  
The objective of this research was to use simple models of soil C and N dynamics to 
predict thresholds to ecosystem recovery from degraded soils at Fort Benning, Georgia, in the 
southeastern USA.  Although ecosystem rehabilitation can be less complex than restoration, 
especially if monocultures are used, there are likely to be thresholds associated with soil 
properties, vegetation characteristics, and land management.  Of these thresholds, various 
aspects of soil quality may be the root cause that determines the success of ecosystem 
rehabilitation.  In particular, soil organic matter and soil N availability can be of major 
importance.  Many favorable properties associated with organic matter, such as improved soil 
structure and greater soil nutrient reserves, argue strongly for the adoption of soil organic matter 
content (or soil organic C) as one critical metric in defining thresholds to soil quality (Sikora et 
al., 1996; Seybold et al., 1997).  Net primary productivity and standing crop biomass, which 
partly depend on soil N availability, are associated measures of success in ecosystem 
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rehabilitation.  However, the rate of ecosystem recovery to a desired future condition and its 
degree of success is ultimately constrained by aspects of soil quality.  
2.  METHODS
2.1 SITE DESCRIPTION
Fort Benning was established by the U.S. military, near Columbus, Georgia, in 1918, and 
additional land area was added in 1941.  The land area at Fort Benning is ≈73,600 ha, and the 
number of troops onsite ranges between 18,000 and 23,000 annually.  Land use prior to 
acquisition by the U.S. Government was primarily a mixture of agriculture and forestry.  Current 
land cover at the site is ≈49% mixed forest, 25% deciduous forest, 10% barren or developed land, 
7% evergreen forest, 6% herbaceous grasslands, 2% shrub land, and 1% water (Jones and Davo, 
1997).  Mean annual temperature at Fort Benning is 18.3 °C and mean annual precipitation is 
130 cm.  
Soils at the site are highly weathered Ultisols, mostly of Coastal Plain origin but with 
some minor inclusion of alluviums derived from the Piedmont ecological unit to the north.  Two 
dominant Coastal Plain ecological units that cover most of the installation are Sand Hills and 
Upper Loam Hills.  The major soil series associated with the former units are Ailey loamy coarse 
sand, Cowarts loamy sand, Nankin sandy clay loam, Pelion loamy sand, Troup, Troup loamy 
fine sand, Vaucluse, and Vaucluse sandy loam.  Sands and loamy sands are common on upland 
sites while sandy loams and sandy clay loams are frequently found in valleys and riparian areas.  
Further details on the biology, geology, physical setting, and history of Fort Benning are 
available elsewhere (Jones and Davo, 1997).  
2.2 CONCEPTUAL MODEL
Wail et al. (1999) have proposed that biogeochemical cycles of C and N connect all the 
abiotic and biotic components of ecosystems to one another in a holistic way.  The concept of 
the nutrient threshold model (Fig. 1) attempts to summarize these connections in as simple a 
manner a possible.  There are several components to the model that couple soil C and N 
dynamics with ecosystem biomass dynamics:  (1) calculation of aboveground and belowground 
biomass and dynamics, (2) calculation of soil C inputs and soil C dynamics, (3) calculation of 
soil N stocks and availability, and (4) calculation of plant N requirements.  The nutrient 
threshold test is represented by a single question, “Are soil N supplies sufficient to meet the N 
demands of growing biomass on track to a desired future ecosystem condition?”  A threshold is 
crossed when soil N supplies are not sufficient to meet the demands of growing biomass and 
calculations indicate that the desired future condition, measured in terms of biomass, is not 
attainable at the specified recovery rate due to resource limitation (i.e., soil N deficiency).  
A central concept in the model (Fig. 1) is “desired future condition” because it represents 
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the state against which the success of ecosystem recovery is measured.  There are countless 
attributes that can be used as “metrics” to describe a desired future ecosystem condition.  In 
particular, different target values for aboveground biomass can be associated with different 
desired future ecosystem conditions.  Qualitatively, an observer can see that a forest has more 
aboveground biomass than an herbaceous field.  Quantitatively, we can derive statistics on 
standing crop biomass for different types of ecosystems and use the mean, the median, or the 
maximum values as targets for ecosystem recovery.  Natural variation in the target value for 
standing crop biomass and/or net primary production (as indicated by confidence limits about 
the measure of central tendency) can also be evaluated to determine if an ecosystem is within the 
expected boundaries for a desired future condition.  
CALCULATE
ABOVE- & 
BELOWGROUND 
CARBON INPUTS
ARE NITROGEN 
SUPPLIES 
SUFFICIENT?
CALCULATE
SOIL CARBON 
STOCKS & 
DYNAMICS
CALCULATE NET 
SOIL NITROGEN 
MINERALIZATION 
& AVAILABLE 
NITROGEN
CALCULATE
PLANT 
NITROGEN 
REQUIREMENTS
CALCULATE 
SOIL 
NITROGEN 
STOCKS
CALCULATE
BELOWGROUND
BIOMASS &
DYNAMICS
CALCULATE
ABOVEGROUND 
BIOMASS & 
DYNAMICS
DESIRED FUTURE 
CONDITION IS NOT 
POSSIBLE AT THE 
SPECIFIED 
RECOVERY RATE
NO YES
DESIRED FUTURE 
CONDITION IS 
POSSIBLE AT THE 
SPECIFIED 
RECOVERY RATE
Fig. 1.  Conceptual model and steps leading up to the nutrient threshold test in the 
spreadsheet model.  The desired future condition is a target for aboveground standing crop 
biomass.  
The type of resource limiting model described here has been used before, but for different 
purposes.  The model concept is a simplified version of NuCSS (Nutrient Cycling Spreadsheet) 
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that simulates, among other things, forest biomass production and soil N availability (Verburg 
and Johnson, 2001).  NuCSS was developed as a tool for forest nutrient management.  Like 
NuCSS, the model equations were written in a spreadsheet format and they do not include 
negative feedbacks between soil nutrient supplies and growth of biomass.  Incorporation of such 
feedbacks within the spreadsheet model produces unsolvable circularities in logic.  Unlike 
NuCSS, the model used here does not simulate other element fluxes (including leaching), and has 
far fewer required model parameters.  Although the current model (Fig. 1) is an 
oversimplification of C and N biogeochemistry, the model predictions are potentially useful for 
guiding military land management decisions.  
2.3 MODEL EQUATIONS
2.3.1 Calculations of Biomass
Relative biomass (%) over time (t) is calculated from the following equation which yields 
a logistic growth curve:  
Bt = Bt-1 + [(Bt-1) * (Br)]*[R - (Bt-1)/R] [1]
where Bt is relative biomass at time t (%), Br is the fractional growth rate of biomass (per year), 
and R is the percent of biomass recovery to the maximum (maximum relative biomass is 100%).  
Adjustment of R allows for the recovery of biomass to some value less than or more than the 
target (or desired future condition).
Aboveground biomass (Ba, g m
-2) is predicted from:
Ba = (Bt/100) * (Bmax) [2]
where Bmax is the maximum or target aboveground biomass associated with a future desired 
ecosystem condition (in this case, the maximum biomass and the target biomass are equivalent).  
Photosynthetically active biomass (Bf, g m
-2) is predicted from:  Bf = Ba * fL, where fL is the 
fraction of photosynthetically active aboveground biomass (i.e., leaves and green stems).
Belowground biomass (Bb, g m
-2) is predicted from:
Bb = Ba * Rw [3]
where Rw is the root:shoot ratio for the ecosystem under consideration.  Total biomass (Bg, g m
-2) 
is predicted from:
Bg = Ba + Bb. [4].
For old fields, the aboveground biomass growth increment (∆Ba) and the belowground 
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biomass growth increment (∆Bb) in each year equal, respectively, the aboveground (Ba) and 
belowground (Bb) biomass.  This assumes that herbaceous old field biomass is replaced every 
year by new growth following tissue senescence prior to the dormant season.  For forests, the 
aboveground biomass growth increment (∆Ba) for each year was calculated from:  
∆Ba = Ba(t+1) - Ba(t) [5].
The belowground forest biomass growth increment (∆Bb) for each year was calculated from:  
∆Bb = Bb(t+1) - Bb(t) [6].
2.3.2 Soil Carbon Dynamics
Inputs to soil C in the model are derived from both aboveground and belowground 
biomass.  Annual belowground root mortality (Rm, g m
-2) is calculated from:
Rm = Bb * (1/Tb) [7]
where Tb is the turnover time of roots (years).  
Annual soil C inputs (I, g m-2) are calculated from:  
I = (Bf * Cb) + (Rm * Cb) [8]
where Cb is the C concentration (g C g
-1) in biomass.  The latter equation assumes that 
photosynthetically active biomass in old fields and forests is returned to the soil each year in 
seasonal litterfall.  Results from other studies (Bray and Gorham, 1964; Sharpe et al., 1980) 
indicate that evergreen and deciduous forests have comparable annual amounts of aboveground 
leaf litterfall, therefore no distinction is made here between different forest types.  
2.3.3 Soil Carbon and Nitrogen Stocks
The predicted soil C stock depends on the initial conditions for soil C (S0), the 
decomposition rate, and the calculated C inputs to soil.  The initial soil C stock is specified at the 
beginning of the model calculations.  
The model tracks both new (i.e., fresh C inputs) and old soil C.  Soil C stocks at time t 
(Ct, g C m
-2) are calculated from:  
Ct = St-1 + It - [(It-1 * Dn) + (St-1 * Do)] [9]
where, St-1 is the soil C stock at time t-1, It is the calculated soil C input at time t, Dn is the 
decomposition rate for fresh organic matter inputs (yr-1), and Do is the decomposition rate (yr
-1) 
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for mineral soil C. 
The soil N stock at time t (Nt, g N m
-2) is calculated on the basis of the predicted mineral 
soil C stock (Cm, g C m
-2) and a soil C:N ratio (Rs):  Nt = Cm/Rs.  Fresh soil C inputs are 
subtracted from Ct to estimate Cm.  It is assumed that the fresh soil C inputs make no 
contribution to net soil N mineralization due to a high C:N ratio.  Other studies indicate that 
mineral soil is the primary contributor to soil N availability whereas new soil C inputs result 
primarily in N immobilization (e.g., Whalen et al., 2000).  Annual net soil N mineralization (Nm, g 
N m-2) is calculated from:  
Nm = Nt * Mr, [10]
where Mr is the potential annual rate of net soil N mineralization or, in other words, the fraction 
of bulk soil N that is made available for uptake by plant roots through decomposition of soil 
organic matter.
Total soil N supplies (Ns, g N m
-2) for plant nutrition and growth are predicted each year 
from the following equation:  
Ns = Nm + Nf + Nd [11]
where Nf is annual N fertilizer additions to soil (g N m
-2), and Nd is annual atmospheric N 
deposition (g N m-2).  
2.3.4 Biomass Nitrogen Requirement
The annual net N requirement of biomass (Bn, g N m
-2) is calculated as:  
Bn = (∆Ba * Wn) + (∆Bb * Rn) + [(Bf * Ln) * ((100 - Tf)/100)] [12]
where Wn is the N concentration (g N g
-1) in woody tissues, Rn is the N concentration (g N g
-1) in 
roots, Ln is the N concentration in photosynthetically active tissue (g N g
-1), and Tf is a 
translocation factor (fraction) that adjusts the N requirement based on N reserves that reside 
within the plant.  
2.3.5 Threshold Test
Based on predicted biomass and soil C and N dynamics, the model calculates the annual 
N supply (Ns, g N m
-2) and subtracts the annual plant N requirement (Bn, g N m
-2) to arrive at an 
estimate of annual potential excess N (PEN, g N m-2).  If potential excess N is negative in any 
year, then a threshold has been crossed because available soil nutrient resources can not 
theoretically meet the N demands of the vegetation on track to a desired future ecosystem 
condition.  If potential excess N is always positive, then nutrient resources are sufficient to 
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achieve the desired future condition as defined by a target aboveground biomass and a specified 
rate of ecosystem recovery.  
2.3.6 Model Parameter Summary
The model was parameterized to predict thresholds to recovery for old field and forest 
ecosystems at Fort Benning, Georgia.  Model parameters (Table 1) were derived on the basis of 
(1) field studies, (2) literature values, and (3) approximation or parameter fitting.  Parameters in 
the latter category included:  the recovery rate for aboveground biomass (Br), the decomposition 
rate of fresh litter inputs (Dn), and wood and root tissue N concentrations (Wn and Rn, 
respectively).  Data from the literature were used to set parameter values for root:shoot ratios 
(Rw), the fraction of photosynthetically active biomass (fL), root turnover times (Tb), C 
concentrations in biomass (Cb), the turnover time of mineral soil C (Do), leaf N concentrations 
(Ln), and N translocation factors (Tf).  Field studies at Fort Benning, complemented by data from 
the literature, were used to establish the following parameter values:  targets for aboveground 
biomass (Bmax), initial soil C stocks (S0), soil C:N ratios (Rs), and potential net soil N 
mineralization rates (Mr).  Even though it is included in the model equations, none of the 
ecosystems that are modeled here receive N fertilizer.  
2.4 FIELD MEASUREMENTS
From 1999 to 2002, a variety of field studies were conducted to establish mean values for 
some soil attributes under different land cover categories at Fort Benning, Georgia.  The data set 
included 14, 18, and 90 sets of measurements from barren sites, old fields, and forest sites, 
respectively.  Sampling sites were widely distributed over the 73,000 ha installation.  Details on 
the sampling methods are published elsewhere (Garten and Ashwood, 2004) but are briefly 
summarized here for the reader’s convenience.  
2.4.1 Aboveground Biomass
In April, 2002, measurements of diameter at breast height (DBH) were made along 40 m 
transects in four relatively undisturbed longleaf pine (Pinus palustris) stands that ranged from 56 
to 82 years old.  It is possible that the four sites may have been exposed to light military use 
(i.e., at most, light infantry foot training), but prior studies indicate the effects of such training on 
measures of soil C and N dynamics are not statistically significant (Garten et al., 2003).  The 
basal area was calculated for each stand and converted to estimates of foliar biomass, woody 
biomass, and total aboveground biomass density (g m-2) using regression equations, specific to 
longleaf pine, from Mitchell et al. (1999).  Along with other estimates of maximum aboveground 
biomass in forests on the Piedmont (Johnson and Lindberg, 1992) and southeastern Coastal Plain 
(Switzer et al., 1968), the field data from mature longleaf pine stands were used to parameterize 
the desired future condition (as defined by aboveground biomass) for forest ecosystems at Fort 
Benning.  Future site management plans include converting approximately half of the installation 
to longleaf pine forest.  
- 8 -
NoneAnnual N fertilizer (Nf)
Estimated (from NADP/NTN data)
g N m-2
g N m-2Annual N deposition (Nd)
Estimated internal N cycling (see text)fractionTranslocation factor (Tf)
Various sources (see text)g N g-1Root N (Rn)
Various sources (see text)g N g-1Wood N (Wn)
Various sources (see text)g N g-1Leaf N (Ln)
Potential rate (estimated from laboratory 
incubations)
yr-1Net soil N mineralization rate (Mr)
Mineral soil (from field data)ratioSoil C:N (Rs)
Mean value to 30 cm soil depth (from field 
data)
g C m-2Initial soil C stock (S0)
Derived value (see text)yearsTurnover time for mineral soil C (Do)
Fitted parameter to yield steady state soil 
C stock (see text)
yr-1Decomposition rate of fresh litter 
inputs (Dn)
Various sources (see text)g C g-1Biomass C (Cb)
From Gill and Jackson (2000)yearsRoot turnover time (Tb)
Becomes annual leaf litterfall (see text)fractionPhotosynthetically active biomass (fL)
Published sources (see text)ratioRoot:shoot (Rw)
Estimated rate of aboveground biomass 
accumulation (see text)
yr-1Recovery rate (Br)
Recovery to maximum biomass%Recovery (R)
Table 1.  Parameter set for spreadsheet models of old field and forest soil C and N 
dynamics
Desired future condition (based on field 
data or literature values)
g m-2Aboveground biomass (Bmax)
Description (data source)UnitsParameter (symbol)
2.4.2 Soil Carbon and Nitrogen Stocks
Over a period of three years, soil C and N concentrations (g element g-1 soil) and stocks (g 
element m-2) were measured at barren sites, old fields, and forests on Fort Benning to a 30 cm soil 
depth (Garten and Ashwood, 2004).  Replicate soil samples were collected at each site using a 
stainless steel soil recovery probe (2.54 cm inner diameter) with hammer attachment (AMS, 
American Falls, ID).  When present, the O-horizon was removed from a 214 cm2 area directly 
above each soil sampling point.  O-horizon dry mass was determined by drying at 65 °C, and 
soil samples were air-dried (22 °C) to a constant weight.  Air dry soil samples were crushed 
using a rubber mallet and passed through a 2 mm sieve.  A 20 gram portion of the sieved soil was 
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dispersed by shaking overnight in 100 mL of sodium hexametaphosphate (5 g L-1) and the 
mixture was wet sieved through a 0.053 mm sieve to estimate sand (g sand g-1 soil) and silt+clay 
content.  
Soil density (g m-3) was estimated from the dry soil mass and the calculated volume of 
each soil core.  O-horizon and mineral soil samples were ground and homogenized and analyzed 
for C and N concentrations using a Perkin-Elmer 2400 Series II CHNS/O Analyzer (Perkin Elmer 
Analytical Instruments, Norwalk, CT) or a LECO CN-2000 (LECO Corporation, St. Joseph, 
MI).  Carbon and N stocks in the O-horizon were calculated as the product of concentration (g 
element g-1 dry mass) and dry mass per unit area (g m-2).  Soil stocks were calculated as the 
product of concentration (g element g-1 soil), soil density (g soil cm-3), and sampling depth (cm).  
The field data were used to parameterize soil C stocks (S0) and soil C:N ratios (Rs) in the model.  
2.4.3 Soil Nitrogen Availability
Potential net soil N mineralization was measured in mineral soil (0-20 cm deep) samples 
using aerobic laboratory incubations (Hart et al., 1994).  The fresh mineral soil was passed 
through a 6.3 mm sieve to exclude rocks and coarse debris.  Using methods described elsewhere 
(Garten et al., 2003; Garten and Ashwood, 2004), part of the sieved soil was used for the 
determination of C stocks in particulate organic matter (POM).  A separate portion of sieved soil 
was extracted by shaking for two hours with 2 molar potassium chloride (1 part soil:10 parts 
solution) to determine initial extractable soil NH4-N and NO3-N.  The sieved soils were incubated 
in closed plastic jars, in the dark, at room temperature (21 °C).  The lids were briefly removed 
from the jars each week to aerate the soil samples.  Extractions of incubating soils were repeated 
after 12 weeks to determine the net production rate of NH4-N- and NO3-N.  Soil extracts were 
analyzed by digital colorimetry using a Bran+Luebbe AutoAnalyzer 3.  Potential net soil N 
mineralization was calculated as the difference between extractable inorganic N (NH4-N + NO3-
N) at 12 weeks and the initial extractable inorganic soil N.  The units were µg N produced g-1 air 
dry soil based on the moisture content of the initial soil sample.  For each sample, net soil N 
mineralization (µg N produced g-1 soil) over the entire 12-week incubation was normalized for 
soil N concentration (g N g-1 soil) and extrapolated to a potential annual rate (i.e., the fraction of 
soil N mineralized each year).
3.  RESULTS
3.1 MODEL PARAMETERIZATION FROM FIELD DATA
3.1.1 Aboveground Biomass (Bmax)
Estimates of aboveground biomass in longleaf pine stands at Fort Benning were similar to 
stand biomass in mature (45 year old) forests on the southern Piedmont (≈18000 g m-2 based on 
data in Johnson and Lindberg, 1992) and stand biomass in loblolly pine (Pinus taeda) after 50 to 
- 10 -
60 years of stand development (≈21000 g m-2 based on data in Switzer et al. 1968).  Calculated 
mean (±SE) total aboveground biomass in the four longleaf pine stands (ranging from 56 to 82 
years old) was 17995 ·±2415 g m-2.  Estimates of foliar and woody biomass in these same stands 
were 843 ± 111 g m-2 and 17163 ± 2306 g m-2, respectively.  
Although old-growth forests in the eastern U.S. may have somewhat greater aboveground 
biomass densities (22000 to 26000 g m-2 based on Brown et al., 1997), the desired future 
condition for modeling aboveground forest biomass at Fort Benning was set at 18000 g m-2.  The 
latter value is in the range of aboveground biomass densities of saw timber stands and forest 
stands in advanced stages of recovery (after forest clearing) in the eastern U.S. (Brown et al., 
1997).  Aboveground biomass targets for old field vegetation, 360 g m-2, were established on the 
basis of other studies (Odum, 1960).  The selected desired future conditions are merely examples 
of average recovery targets for the purpose of developing a model to predict thresholds to 
ecosystem recovery.  They do not reflect Fort Benning land management goals that must 
consider a variety of ecological issues before establishing desired future ecosystem conditions, 
and which may or may not include maximizing standing biomass.  
3.1.2 Soil Carbon and Nitrogen Stocks
Sand content in 129 soil samples collected at Fort Benning ranged from 12 to 95%.  The 
mean sand content was 70% and two-thirds of the samples collected had a sand content that 
exceeded the mean.  For the purpose of further analysis, each soil sample was binned into one of 
two categories (i.e., “less sandy” or “more sandy”) based on whether the sand content was less 
than or more than 70%.  
Barren Sites -- Soils from barren sites, with the exception of one sample, had a sand 
content greater than 70% (the exception was 69% sand).  Mineral soil C and N stocks at barren 
sites (Table 2) were significantly less than those measured under old fields and forest cover 
(Garten and Ashwood, 2004).  Because of a lack of plant cover, barren sites were generally 
devoid of any O-horizon material.  Soil C:N ratios at barren sites were highly skewed with an 
inflated the mean due to a few samples with low soil N concentrations.  The median soil C:N 
ratio at barren sites was 16.2 and the geometric mean was 22.2.  
Old Fields -- Table 3 summarizes measured C and N stocks and C:N ratios in the O-
horizon and mineral soil under old fields with less than or more than 70% sand content.  Old 
fields on less sandy soils had significantly greater soil C and N stocks than those on more sandy 
soils.  The more sandy soils also tended to have higher soil C:N ratios, but the difference was not 
statistically significant.  
Forests -- Differences in forest soil C stocks under less sandy and more sandy soils were 
not statistically significant (Table 3).  Forest O-horizon N stocks were significantly greater on 
more sandy soils but the mineral soil N stocks were significantly lower than those on less sandy 
sites.  Similar to old field sites, forest mineral soil C:N ratios were elevated at sites with more 
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than 70% sand content.  
2.60
0.09
2.05
0.76
1.51
0.90
0.87
3.2
0.02
0.62
0.20
16.4
9.5
146
4.6
0.84
1.13
0.97
37.7
39.4
629
14
14
14
14
12
14
14
% yr-1
µg N g-1
µg N g-1
µg N g-1
none
g N m-2
g C m-2
a Standard error
b Coefficient of variation
Net N mineralization rate
Net NO3-N production
Net N production
Extractable inorganic N
Soil C:N ratio
Soil N stock
Soil C stock
Table 2.  Mineral soil C and N stocks, soil C:N ratios, extractable inorganic soil N, net 
N and NO3-N production in 12-week aerobic laboratory incubations, and estimated 
potential net N mineralization rate for barren soils at Fort Benning, GA  
C.V. bSE aMeannUnitsVariable
3.1.3 Soil Nitrogen Availability
Barren sites -- Consistent with lower soil N stocks, there was less soil N availability 
under barren sites compared to sites occupied by perennial vegetation (Garten and Ashwood, 
2004).   Absolute amounts of potential net soil N mineralization and net nitrification in aerobic 
laboratory incubations were reduced at barren sites (Table 2) .  However, the potential annual net 
N mineralization rate for barren soils was comparable to old field and forest soils.  
Old fields -- Differences in N availability between old fields on less sandy or more sandy 
soils are presented in Table 4.  Compared to more sandy soils, less sandy soils tended to have 
higher levels of extractable inorganic soil N (there was a 10% probability that this difference 
occurred by chance).  Differences between less sandy and more sandy soils in net N and NO3-N 
production during the 12 week aerobic laboratory incubations were not statistically significant.  
The mean potential net N mineralization rate, expressed on an annual basis, tended to be greater 
in old field soils with more than 70% sand content (P < 0.10).  If not all, most of the soil N 
mineralization terminated by production of NO3-N, a highly available form of soil N.  
Forests -- Measures of soil N availability in forest soils were similar to those for old field 
soils (Table 4).  Based on results from the laboratory incubations, there were no statistically 
significant differences in N availability between less sandy and more sandy forest sites.  
However, consistent with trends observed for old field soils, the potential N mineralization rate 
was greater in forest soils with more than 70% sand content.  As in old field soils, most of the 
net soil N mineralization terminated in the production of NO3-N.  
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F-valueSoil partVariable
More sandyLess sandy
SEMeannSEMeann
- Old field soils -
7.9**
1.0
21***
24***
5.0*
3.9
3.6
6
6
0.7
35.6
60.9
118
109
8.7
0.22213847
0.02113397
3.427450
56
56
56
56
56
56
56
56
1.1
4.3
12
11
0.6
188
186
24
21.4
66.7
173
167
6.4
3709
3342
378
34
33
34
34
33
34
34
33
Mineral soila
O-horizonC:N
Total
Mineral soila
O-horizonN stock
Total
Mineral soila
O-horizonC stock
- Forest soils -
1.2
0.3
9.0
4.3
34.6
44.6
3.821.6
12.838.9
11
7
7
3
Mineral soila
O-horizonC:N
6.0*161031043197
7.7*15991133189
1.10.72.294.05.6
6
7
6
Total
Mineral soila
O-horizonN stock
Table 3.  Carbon and N stocks (g element m-2) and C:N ratios in old field and forest soils 
with less than (“less sandy”) or more than (“more sandy”) 70% sand content at Fort 
Benning, GA
9.2**
9.6**
0.7
261
230
25
2514
2440
90
10
11
9
252
192
82
aDepth of the mineral soil is 30 cm
* P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001
3702
3457
151
6
7
6C stock
Total
Mineral soila
O-horizon
3.2 MODEL PARAMETERIZATION FROM OTHER SOURCES
Many parameter values (Table 5) in the model were established on the basis of sources 
other than field data because site-specific data were not available.  The rationale for setting 
parameter values based on other sources is described in the following paragraphs.  
3.2.1 Recovery Rate (Br)
The recovery (or growth) rate for forest stands was set to 0.15 yr-1.  At this rate, the 
stand achieves 95% of its target desired future condition (18000 g m-2) in ≈50 years when starting 
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from an initial condition of 360 g m-2.  The annual recovery rate for herbaceous old fields was set 
at 1.0 yr-1 on the basis that herbaceous communities tend to rapidly achieve a steady state 
standing biomass from existing soil seed banks and recolonization by opportunistic species.  
Recovery rates can be adjusted at the discretion of the user for different types of plant 
communities.  
6.9**
0.4
2.7
0.8
1.1
0.9
1.0
0.2
6.4
4.3
5.4
2.2
0.5
1.0
1.1
0.3
2.6
3.5
4.6
2.6
a P ≤ 0.10
** P ≤ 0.01
4.1a
0.4
0.0
1.4
1.3
1.3
7.1
6.2
5.4
1.9
2.3
3.2
2.5
4.5
4.7
3.5a0.21.51.94.3
56
56
56
56
11
11
11
11
34
34
34
34
7
7
7
7
Net N mineralization rate
Net NO3-N production
Net N production
Extractable inorganic N
- Forest soils -
Net N mineralization rate
Net NO3-N production
- Old field soils -
Net N production
Table 4.  Extractable inorganic soil N (µg N g-1 soil), net N and NO3-N production in 12-
week laboratory incubations (µg N g-1 soil), and estimated potential net N 
mineralization rate (% yr-1) in old field and forest soils with less than (“less sandy”) or 
more than (“more sandy”) 70% sand content at Fort Benning, GA
F-valueVariable
Extractable inorganic N
SEMeannSEMeann
More sandyLess sandy
3.2.2 Root:shoot Ratios (Rw)
The root:shoot ratio in forest stands was set at 0.23 based on information presented by 
Jackson et al. (1996) and Cairns et al. (1997) who summarized global data on root biomass from 
terrestrial biomes and upland forests, respectively.  The root:shoot ratio under old fields was set 
to 1.0 based on studies by Kelly (1975) who measured root:shoot ratios of 0.78 and 1.4 in two 
east Tennessee old field communities.  
3.2.3 Fraction of Photosynthetically Active Biomass (fL)
This parameter determines the portion of aboveground biomass that contributes to annual 
soil C inputs.  Based on data from forests in the southeastern U.S. (Johnson and Van Hook, 
1989; Johnson and Lindberg, 1992), leaf biomass is typically 2 to 5% of total aboveground 
biomass.  Unlike trees, both stems and leaves are photosynthetically active in many herbaceous 
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plants.  For the purposes of modeling thresholds to recovery, the fraction of photosynthetically 
active biomass in forests and herbaceous old fields was set at 3.5% and 100%, respectively.  
0.00.00.00.0
0.70.70.70.7
0.50.50.50.5
0.010.010.010.01
0.00100.0010
0.010.010.010.01
0.06370.07110.02590.0249
35.634.621.421.6
3846251437093702
150150150150
0.94540.93100.94740.8982
0.450.450.450.45
102.0102.0
0.0351.0
0.231.0
0.151.0
0.0351.0
0.231.0
0.151.0
100100100100
Table 5.  Parameter sets for modeling the nutrient threshold to recovery of old field and 
forest communities on less sandy (less than 70% sand) and more sandy (more than 70% 
sand) soils at Fort Benning, GA
1800036018000360g m-2
%
fraction
ratio
yr-1
years
g C g-1
yr-1
years
g C m-2
ratio
yr-1
g N g-1
g N g-1
g N g-1
fraction
g N m-2
g N m-2Nf
Nd
Tf
Rn
Wn
Ln
M r
Rs
S0
Do
Dn
Cb
Tb
fL
Rw
R
Br
Bmax
ForestOld fieldForestOld field
More sandyLess sandy
UnitsParameter
3.2.4 Root Turnover Times (Tb)
Root turnover times for plant communities at Fort Benning were estimated on the basis 
of globally averaged root turnover rates in grasslands (50% per year) and forests (10% per year) 
(Gill and Jackson, 2000).  
3.2.5 Decomposition Rate of Fresh Litter Inputs (Dn)
The mean residence time of soil C associated with above- and belowground litter inputs 
was derived by parameter fitting below an estimated upper limit.  Based on regional estimates of 
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forest litterfall (Sharpe et al., 1980) and a concentration of 0.5 g C g-1 litter, the estimated annual 
input of C to forest O-horizons at Fort Benning is 204 g C m-2.  Measured mean (±SE) O-
horizon C stocks at 89 forest sites on Fort Benning were 423 ±19 g C m-2.  Assuming the O-
horizon C stocks are at steady state, an upper limit to the mean residence time of fresh litter 
inputs at this site is ≈2 years.  The fitted mean residence times for fresh litter inputs to old field 
and forest soils (Table 5) were approximately half the estimated upper limit because the litter C 
inputs are underestimated by not considering belowground inputs from roots.  The final fitted 
values for Dn yielded steady state values for both potential excess N and soil C stocks in the 
model.  
3.2.6 Turnover Time of Mineral Soil Carbon (Do)
Soil C under transitional herbaceous vegetation and forests at Fort Benning includes 
≈10% refractory C that is chemically similar to charcoal (Garten and Ashwood, 2004) and 
probably has a turnover time on the order of 1000 years.  This refractory C originates from 
frequent use of controlled burning in land management.  Most of the remaining C is found in 
mineral-associated soil organic matter (Garten and Ashwood, 2004) and is assumed to have a 
turnover time of 56 years based on data from multiple studies (Garten and Ashwood, 2002).  
The turnover time of mineral soil C under both forests and old fields was estimated as a weighted 
mean of the two pools (i.e., 150 years).  
3.2.7 Tissue Carbon and Nitrogen Concentrations
It was assumed that biomass had a C concentration of 0.45 g C g-1 dry mass.  Leaf N 
concentrations in the model were set at 1% based on data from multiple sources (Birk and 
Vitousek, 1986; Yin, 1993).  Nitrogen concentrations in roots were assumed to equal those in 
foliage based on studies of loblolly pine on upper Coastal Plain sites (Birk and Vitousek, 1986).  
Concentrations of N in tree wood were set at 0.1% which approximates those measured in 
loblolly pine in the southeastern U.S. (Switzer et al., 1968; Birk and Vitousek, 1986).  
3.2.8 Translocation Factor (Tf)
Seasonal translocation of N from foliar to woody tissues in trees (Luxmoore et al., 1981; 
Ostman and Weaver, 1982) and from aboveground tissues to roots in herbaceous plants (Li et al., 
1992) is a well known process.  The translocated N is available for production of new tissues at 
the beginning of the next growing season.  In the model, the N requirements of 
photosynthetically active tissues were reduced each year based on the estimated N recycling 
within the plant.  Studies of loblolly pine on sandy soils indicate that about 50% of the foliar N 
is translocated to wood prior to leaf senescence (Birk and Vitousek, 1986).  Under conditions of 
low soil N availability, ≈50% of the N required for production of new biomass in herbaceous 
vegetation may be derived from internal translocation (e.g., Li et al., 1992).  Therefore, in the 
absence of site-specific information, the translocation factor was set at 50% in both forests and 
old fields on Fort Benning.  
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3.2.9 Annual Nitrogen Deposition (Nd)
Based on data from the National Atmospheric Deposition Program, annual wet only N 
deposition in the Fort Benning area is ≈0.35 g N m-2.  A scaling factor (2.0) to convert wet 
deposition to total N deposition (wet + dry) was derived from data previously collected at four 
sites in the southeastern U.S. (Lovett and Lindberg, 1993).  Total annual N deposition in the 
model was set at 0.7 g N m-2.  
3.3 PREDICTED THRESHOLDS TO RECOVERY
Table 5 presents a summary of the parameter values used to model thresholds to 
recovery for both old field and forest vegetation.  Different parameter sets were used for old 
fields or forests depending on soil sand content.  Many of the parameters (e.g., aboveground 
biomass targets, root:shoot ratio, and root turnover times) exhibited strong differences between 
the two ecosystems.  However, some parameter values derived from field and laboratory studies 
(e.g., soil C:N ratios and annual potential rates of net soil N mineralization) were similar for 
different ecosystems within the same soil category.  
Four factors were particularly important to development of a threshold event (i.e., a 
negative value for potential excess N) during modeled ecosystem recovery :  (1) initial amounts 
of aboveground biomass, (2) initial soil C stocks, (3) relative recovery rate of aboveground 
biomass, and (4) soil sand content.  In this study, stocks of aboveground forest biomass were 
initialized by assuming 2% of the desired future condition (i.e., 360 g m-2) was present at the 
start of ecosystem recovery.  Simulations of old fields were initialized by assuming aboveground 
biomass was 25% of the desired future condition (i.e., 90 g m-2) at the start of ecosystem 
recovery.  
Initial soil C stocks in the model determined predicted patterns of recovery by both old 
field and forest ecosystems.  Figure 2 illustrates the predicted recovery of (a) aboveground 
biomass, (b) potential excess N, and (c) soil C stocks for two different soils (1000 and 2000 g 
soil C m-2) in old field ecosystems on “more sandy” soils.  Starting from an initial stock of 1000 g 
soil C m-2, a nutrient threshold to recovery was crossed in the fourth year.  Predicted potential 
excess N remained negative for the duration of the simulation indicating that the desired future 
condition (360 g m-2 aboveground biomass) could not be achieved.  Starting from an initial stock 
of 2000 g soil C m-2, predicted potential excess N was positive (1 g N m-2) indicating the desired 
future condition was achievable and sustainable for old fields on “more sandy” soils.  In the latter 
case, predicted soil C stocks increased by about 12% over 50 years.  
In the model, a slower recovery rate (Br) could prevent forests from crossing a nutrient 
threshold during ecosystem recovery.  Figure 3 illustrates the change in (a) aboveground biomass, 
(b) potential excess N, and (c) soil C stocks over 120 years at two different rates of forest 
growth.  Starting from an initial condition of 1700 g soil C m-2 (90% of the barren sites examined 
at Fort Benning had soil C stocks less than this value), and at a default recovery rate of 0.15 yr-1,  
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Fig. 2.  Predicted recovery of aboveground biomass density (AGBD) (upper panel), 
potential excess N (PEN) (middle panel), and soil C stocks (lower panel) for old field 
development on soils with two different levels of initial soil C stocks at Fort Benning, 
GA.  Starting from 1000 g C m-2 soil (closed circles), predicted PEN values quickly become 
negative (middle panel) indicating that a nutrient threshold precludes ecosystem recovery at the 
specified recovery rate (see text).  Calculations with the model indicate that old field recovery, as 
illustrated in the upper and bottom panels, is possible starting from 2000 g C m-2 soil (open 
circles).  
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Fig. 3.  Predicted recovery of aboveground biomass density (AGBD) (upper panel), 
potential excess N (PEN) (middle panel), and soil C stocks (lower panel) for forest 
ecosystems with different recovery rates at Fort Benning, GA.  When the recovery rate is 
0.15 yr-1, then predicted PEN values are negative indicating that a nutrient threshold precludes 
ecosystem recovery (see text).  Calculations with the model indicate that forest recovery, as 
shown in the upper and bottom panels, is possible when the recovery rate is reduced to 0.07 yr-1.
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the desired future condition for aboveground forest biomass was theoretically attained in ≈50 
years.  However, at the default recovery rate, potential excess N becomes negative from 25 to 45 
years into the simulation indicating N deficiency could prevent recovery to the desired future 
condition with the specified parameter set.  Even though the accumulation of soil organic matter 
was slower when the growth rate was lowered to 0.07 yr-1, a nutrient threshold to forest 
recovery was not crossed and the desired future condition for forest biomass was achieved 
following 110 years of forest growth.  
Predicted thresholds to recovery for forests and old fields at Fort Benning are illustrated 
in Figure 4.  The various lines in the graph define initial soil C stocks that allow recovery to a 
desired future condition with the model (using the parameter sets presented in Table 5).  Above 
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Fig. 4.  Predicted thresholds to recovery for old field and forest ecosystems on more sandy 
(>70% sand content) and less sandy (<70% sand content) soils at Fort Benning, GA.  
Nutrient thresholds to recovery exist in the region above each line.  In the region below each line, 
ecosystem recovery proceeds to a desired future condition without crossing a threshold (i.e., 
negative potential excess N).  The predicted thresholds depend on the specified recovery rate 
(see text).  
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each line, the predicted potential excess N becomes negative at some time during the simulation 
of ecosystem recovery while below each line ecosystem recovery proceeds to the desired future 
condition with continuously positive potential excess N.  For example, starting from an initial 
condition of 2000 g soil C m-2 on soils with less than 70% sand content, the model predicts 
recovery to 80% of the desired future condition in old fields without crossing a threshold to 
recovery (i.e., a negative potential excess N).  Higher percent recoveries cannot be achieved 
because the nutrient threshold is crossed.  Stated in another way, the model predicts recovery to 
80% of the desired future condition for old fields on “less sandy” soils at Fort Benning can be 
achieved from an initial starting soil quality of 2000 g C m-2 or greater.  
Forests and old fields on soils with differing sand content had different predicted 
thresholds to recovery (Figure 4). Within each ecosystem type, predicted soil N stocks were 
greater on less sandy soils due to their lower soil C:N ratios.  However, rates of annual potential 
net soil N mineralization, derived from laboratory incubations, were higher on more sandy soils 
than less sandy soils.  Consequently, predicted thresholds to recovery of old fields and forests 
were lower on soils with more than 70% sand content.  For example, the model predicted 100% 
forest recovery at ≈2200 g C m-2 on more sandy soils but only 70% recovery on less sandy soils 
with the same soil C stock (Fig. 4).  More sandy soils under perennial vegetation had a 
significantly (F1,107 = 17.5; P <0.001) greater fraction of soil C in POM and significantly (F1,107 = 
4.2, P <0.05) greater stocks of surface mineral soil POM carbon than less sandy soils (Fig. 5).  
Particulate organic matter is a highly labile C pool that may be important to N retention and 
availability in some soils (e.g., Hook and Burke, 2000; Willson et al., 2001).  Greater amounts of 
labile soil organic matter may be one factor contributing to higher potential net soil N 
mineralization rates in more sandy soils at Fort Benning.  
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Fig. 5.  Fraction of surface (0-20 cm) soil C associated with particulate organic matter 
(left panel) and stocks of POM carbon (right panel) in soils with less than (LT) or more 
than (MT) 70% sand content under perennial vegetation at Fort Benning, GA.
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Using the parameter sets presented in Table 5, barren sites at Fort Benning generally lie 
below predicted thresholds to 100% recovery of desired future conditions.  The 95% confidence 
interval about mean soil C stocks on barren land at Fort Benning was 313 to 944 g C m-2.  On 
more sandy soils (typical of barren sites), predicted forest recoveries exceeding 55% of the 
desired future condition cross the nutrient threshold to recovery at ≈950 g C m-2.  However, at 
the default recovery rates (Table 5), the model predicts up to 70% recovery of old field biomass 
can be achieved from an initial soil C stock of 950 g C m-2 and up to 50% recovery can be 
achieved from an initial soil C stock of 600 g C m-2.  Figure 6 further illustrates the effect of 
varying recovery rate and percent recovery on calculated thresholds to forest recovery on less 
sandy and more sandy soils at Fort Benning.  Predicted recovery to 100% of the desired future 
condition, without crossing a threshold in N availability, is indicated even at relatively low initial 
soil C stocks on more sandy soils, but only at low recovery rates.
4.  DISCUSSION
The concept of thresholds has not been widely applied in ecosystem management 
(Brown et al., 1999).  Ecologists have been successful in identifying factors associated with 
thresholds (e.g., nutrient loading leading to eutrophication, overgrazing leading to the loss of 
range land, habitat fragmentation leading to loss of biodiversity), but threshold quantification has 
been more problematic.  In some cases, a single well-defined threshold may not exist or the 
threshold may depend on site-specific factors that make predictions beyond the local conditions 
difficult or impossible.  In other cases, thresholds may be influenced by one or more factors that 
are indirectly related to the stimulus or stress that causes a response.  Given the large likelihood 
that no two ecosystems are totally identical in time or in space, we can expect natural variation 
in thresholds from one time to another and from one location to another.  
Relatively intensive monitoring of ecosystem structure and function may be required for 
empirical detection and quantification of ecological thresholds (Muradian, 2001).  
Reestablishment of vegetation and recovery of soil quality on degraded soils can be a long-term 
process requiring decades to centuries, thus (with the possible exception of chronosequence 
studies) empirical investigations directed at discerning nutrient thresholds to ecosystem recovery 
are impractical.  Periodic measurements of indicators of ecosystem “health” may be sufficient to 
ascertain general trends, but  considering the extent of spatial and temporal variation in natural 
systems, the level of monitoring required to detect thresholds through field studies is, practically 
speaking, prohibitively expensive.  Furthermore, some thresholds may only be recognized “after 
the fact” from analysis of long-term monitoring data (in which case it may be too late for land 
managers to initiate corrective actions).  There is a much higher probability of detecting an 
ecological threshold when a system “jumps” to an entirely new state or undergoes total collapse 
as a result of a recognizable disturbance (e.g., hurricane, disease, crown fire, or overgrazing), 
particularly when such a change is manifested as a sudden and dramatic difference in vegetation 
structure (like the creation of barren land through soil disturbance).
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Fig. 6.  Predicted thresholds to forest recovery (expressed as initial soil C stocks) on more 
sandy (> 70% sand content) and less sandy (< 70% sand content) soils as a function of 
recovery rate (yr-1) and percent recovery to a desired future condition (18000 g 
aboveground biomass m-2).  When soil C stocks are less than those shown, recovery to the 
desired future condition at the indicated recovery rate is theoretically precluded by a deficiency 
in soil N availability at time point during forest development.
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In this research, simple mathematical models of C and N (as indices of soil quality) are 
used to predict a nutrient resource threshold to ecosystem recovery.  Biomass production in the 
southeastern U.S. is often limited by available soil N (Fisher and Garbett, 1980; Birk and 
Vitousek, 1986; Vose and Allen, 1991), thus the current model is developed around N limitation 
to the achievement of a desired future condition, measured in terms of aboveground standing crop 
biomass and a specified recovery rate.  Modeling is usually an oversimplification, and it is 
certainly no less so in the present study, but the use of models for estimation of thresholds to 
ecosystem recovery can meet two important needs:  (1) the use of site-specific information for 
critical parameter values, and (2) the removal of constraints associated with evaluating thresholds 
from a limited set of apriori conditions (as is frequently the case in empirical studies).  
Furthermore, in mathematical models, thresholds can be posed as simple "true or false" 
questions; or framed such that a threshold test indicates if a situation will or will not occur. 
Mathematical models have their own unique set of problems when applied to the 
estimation of ecological thresholds (Moir and Mowrer, 1995; Hansen and Jones, 1996).  Errors 
in model structure and parameterization can lead to erroneous predictions of thresholds or, at 
least, contribute to large, unknown uncertainties in the accuracy of estimated thresholds.  In 
addition, there is a pervasive skepticism about the usefulness of models (e.g., Passioura, 1996), 
whether they be simple or complex.  Complex models may give greater representation to system 
properties and processes, but they are more difficult to understand, parameterize, and verify 
(Schoenholtz et al., 2000).  Simple models are easier to use and understand but may neglect 
important system properties or processes.
Calculations with the model indicate that thresholds to ecosystem recovery from 
degraded land, expressed as initial soil C stocks, are lower on more sandy soils than on less 
sandy soils at Fort Benning.  The lower thresholds for old field and forest recovery on more 
sandy soils are largely due to higher estimated relative rates of net soil N mineralization in more 
sandy soils.  Correct parameterization of net soil N mineralization is particularly important to 
the accurate estimation of thresholds to ecosystem recovery.  If rates of potential net soil N 
mineralization are overestimated in the model, then predicted thresholds to recovery (expressed 
as initial soil C stocks) are underestimated.  At near steady-state soil C and N stocks, the 
calculated soil N mineralization flux in the model ranged from about 4 to 6 g N m-2 yr-1 and 
approximated the annual in situ mineralization flux (about 5 g N m-2) measured in uncut loblolly 
pine plantations growing on the North Carolina Piedmont (Vitousek and Matson, 1985).  The 
calculated rates from Fort Benning are, however, substantially greater than previously measured 
in situ net soil N mineralization rates (0.5 to 1.2 g N m-2) in longleaf pine ecosystems on the 
coastal plain in southwest Georgia, which the investigators (Wilson et al., 1999) acknowledge as 
“among the lowest rates recorded for North American forests”.  Such differences between studies 
in soil N availability reinforce the need for site-specific information when models are used to 
estimate nutrient thresholds to ecosystem recovery.  
Much is already known about the development of old fields and their importance in 
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secondary ecological succession, N accrual, and ecosystem recovery on degraded or abandoned 
agricultural land (Keever,1950; Odum, 1960; Wiegert and Evans, 1964; Robles and Burke, 1997; 
Knops and Tilman, 2000), but more site specific information is needed before N fixation at Fort 
Benning can be accurately represented in the current model.  Frequent controlled burning may 
promote the establishment and persistence of legumes in southern pine ecosystems, but the 
annual contribution of these legume populations to overall ecosystem N balance is relatively 
small (<1 g N m-2) and may merely balance N losses incurred through prescribed burning 
(Hendricks and Boring, 1999).  Nitrogen fixation on the order of 2 g N m-2 yr-1 was reported by 
Jorgensen and Wells (1971) in annually burned loblolly pine stands on the lower coastal plain of 
South Carolina, but the process exhibited a high degree of spatial variability.  Other studies 
indicate a decline in biological N fixation well before a decline in N accrual during ecological 
succession (Rastetter et al., 2001) and that atmospheric deposition may contribute more to N 
accrual during forest regrowth on abandoned agricultural land in the southeastern U.S. than N 
fixation (Richter et al., 2000) .  Thus, the omission of N fixation in the current model may not 
seriously bias calculated thresholds to ecosystem recovery.  
Finally, calculations with the model indicate that a combination of desired future 
conditions, initial levels of soil quality (defined by soil C stocks), and the rate of biomass 
accumulation determines the predicted success of ecosystem recovery on disturbed soils.  
Thresholds to ecosystem recovery predicted by the model should not be interpreted independent 
of the specified recovery rate to a desired future condition.  This is best illustrated by graphing 
thresholds to forest recovery (expressed as initial soil C stocks) as a function of percent recovery 
to a desired future condition and recovery rate on less sandy and more sandy soils at Fort 
Benning (Fig. 6).  Thresholds of soil C stocks do not indicate that ecosystem recovery is strictly 
precluded, only that it is precluded at a specified rate of aboveground biomass accumulation.  A 
lack of feedback between soil N availability and the rate of biomass accumulation in the model 
causes the ecosystem to grow into a state of N deficiency (i.e., negative potential excess N).  In a 
similar fashion, forests developing on nutrient poor soils in the southeastern U.S. tend to grow 
into a state of acute N deficiency that eventually limits biomass production (Richter et al., 2000; 
Gholz et al., 1985).  Within the constraints imposed by soil organic matter, ecosystem recovery 
is also related to the frequency of disturbance and land management actions (e.g., fertilization) 
that affect soil quality and productivity of vegetation.  In this respect, the threshold model can 
be used to predict how much and how long N fertilizer would need to be applied to enable 
ecosystem recovery from a specified initial level of soil organic matter at Fort Benning, Georgia. 
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